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Abstract 
 
Sustaining crop yields present challenges worldwide.  These challenges  vary  regionally  and 
climate  change  may  have  positive  or  negative  effects on  crop  yields.  Closing yield gaps in 
already established cropping areas is one of the solutions to increase future food supply.  
Fraction water yield gaps are defined as how far yields with high levels of nutrients are from 
attainable (irrigated) yields.  In  this  study  the  largest  water  yield  gaps  for  maize,  rice,  
wheat  and  potato  in  South America  are  located. Climate change over a fifty-year period 
influences these water gaps generating large positive or negative changes for maize, wheat and 
potato mainly in Paraguay, Uruguay and Argentina.  South America presents a great potential to 
increase yields by irrigation for the four crops in this study. Looking also at available water 
during the growing period it is possible to identify regions of large suitability to increase yield. 
Suitability further changes over time  display negative  or  positive  trends for few areas  
reflecting  future  changes  in  climate  and yield.  
 
Keywords: fraction water yield gap, water yield gap, growing season precipitation, LPJ-GUESS, 
Climate change 
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1. Introduction 
 
1.1. Problem definition 
Future decades will bring several challenges related to food security, water management and 
environmental sustainability.  With a population expected to surpass 9 billion people by 2050 
(United Nations, 2009), and a crop demand that will increase between 100 and 110% from 2005 
to 2050 (Tilman et al., 2011), it is imperative to find alternatives to increase crop yields while 
diminishing stress on the environment. 
 
Mueller et al. (2012) have found that yield variability is heavily controlled by fertilizer use, 
irrigation and climate.  Water scarcity is the main factor that limits crop yield in some zones; and 
even some irrigated areas can face this problem and its yields are therefore affected (FAO, 
2012). Crop yields can be maximized by closing yield gaps, and according to Mueller et al. 
(2012) reaching 100% of attainable yields will give an increase in production from 45 to 70% for 
most crops.   
 
Availability of freshwater is crucial for human consumption, agricultural activities, energy 
projects, ecological cycles, and it is under increasing pressure due to changes in temperature and 
precipitation patterns and higher human demands. In South America, the agricultural sector is the 
main water consumer (Magrin et al., 2007).  Therefore, water for irrigation is a major concern in 
the context of climate change and its impacts will suppose important investment in this area 
(Elliott et al., 2014). 
 
Another important concern is the threat that agricultural expansion means to several ecosystems 
around the world.  In South America, for instance, much of the remaining cultivable land is 
under the tropical rain forest (Licker et al., 2010).  Even though under climate change projections 
South America would have a surplus of water supply (Elliott et al., 2014), it is necessary to 
understand how this will influence water yield gaps. These gaps are defined as the difference 
between observed yields (in this case water-limited yields) and those attainable in a given region 
(Mueller et al., 2012; van Ittersum et al., 2012). There might be regions where precipitation 
patterns can offer a possibility to increase yield and others in which it is a limiting factor.   
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Four crops have been selected for this investigation: maize, rice, wheat and potato.  In terms of 
grain production, maize is the most important crop in the world, while wheat and rice are the 
most important for direct human consumption.  Rice also signifies the nutriment of 3 billion 
people worldwide.  Wheat is the third largest crop in the world and potato ranks as the fourth, 
with a production of 329 million tonne on 18.6 million ha
1
 (FAO, 2012). 
 
 
1.2. Aim and objectives 
The aim of this study is to provide information about water availability, water yield gaps and 
most suitable areas to close these gaps in South America.  Two different time horizons will be 
analyzed: present (2000 for the global yield datasets and 2001-2010 decadal mean for model 
output) and future (2041-2050 decadal mean), for four different crops: maize, wheat, rice and 
potato.  To achieve this aim several questions have been established: 
 
1.2.1. What are the actual (based on observed data) and near future (based on observed and 
simulated data) water gaps for South America? 
1.2.2. How will these water gaps change in the future in relation to climate change? 
1.2.3. Which are the most suitable areas for present and near future to close water yield gaps for 
maize, wheat, rice and potato? 
 
 
2. Conceptual framework 
 
2.1. Brief technical terms review. 
Crop yield is defined as the amount of harvested product per area of the crop (Fermom and 
Benson, 2011).  Yield gaps are differences between observed yields and those attainable in a 
given region (Mueller et al., 2012).  Factors that contribute to yield gaps can be biophysical: 
nutrient deficiencies and imbalances, water stress, flooding, suboptimal planting, soil problems, 
weed pressures, insect damage, diseases, lodging and inferior seed quality; or socioeconomic: 
                                                          
1
 In this paper yield is expressed as kg/m
2. 
 The relationship is  1 ton/ha = 0.1 kg/m
2
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risk aversion, inability to secure credit, limited time devoted to activities, lack of knowledge on 
best practices (Lobell et al., 2009). 
 
Fraction yield gap gives information about how close to potential yield any location may be.  A 
value of 0 or close to it means that the area is near to the potential yield.  On the contrary, a value 
of 1 stands for an area that is very far from the attainable yield (Licker et al., 2010).   
 
Potential yield (Yp) for the four crops has been determined by identifying high yield areas with 
no limitation of water or nutrients for them, and in which any biotic stress has been controlled.  
These areas have a same climate and any difference in crop grown is driven by factors as solar 
radiation, temperature, atmospheric CO2 and genetics (van Ittersum et al., 2012).  This study is 
focussed on water limited yield (water yield gap), as it is calculated based on rainfed yield, 
potential yield and irrigated yield, respectively.  Water yield gap (Yw) is similar to potential 
yield but in this case water is also a limiting factor (van Ittersum et al., 2012). 
 
2.2. Maize, wheat, rice and potato general characteristics. 
With vast areas of land, a range of reasonable climates and low cost, South America is one of the 
main food producers and exporters in the planet, but its agriculture sector is very vulnerable due 
to market and climate uncertainties (Ortiz, R., 2012). The region holds the largest potential for 
agricultural expansion on the one hand, and on the other hand, it is the owner of the biggest 
tropical forest on the planet (Magrin et al., 2014).  In terms of deforestation and land 
degradation, extensive and intensive agriculture, are the main drivers  (Magrin et al., 2014). 
Maize crop, Zea mays, is a species that includes hybrid and ordinary maize with widely different 
yields in the world, and is the third largest crop in terms of extension (Leff et al., 2004).  This 
crop presents a less intense cultivation in South America in comparison with the maize belt in 
U.S.A, northeastern China, Rift Valley in Africa and Eastern Europe (Leff et al., 2004).  South 
America (Brazil, Argentina and Bolivia) produces 119.77 million of metric tonnes out of the 868 
that are produced in the world; this represents 13.8% of the global maize production (USDA, 
2015).  In the region, maize is grown from Argentina to Venezuela along many temperature 
zones (Seo  and Mendelsohn, 2008), but is rivalled by soybeans for dominance in the north part 
of the subcontinent.  Along the Andes Mountains and the Brazil highlands, maize is the major 
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dominant crop, whereas in the soybean area, from Mato Grosso to Cordoba state, and in the 
Chilean wheat belt, it is the second crop (Leff et al., 2004). 
 
Maize accounts for about one third of the calorie intake in South America and has a broad 
variety of uses: human direct consumption, food for livestock, production of alcohol, syrup, 
sweetener of soft drinks, ethanol production, among others (Global crop diversity trust, n.d.).  
Maize production in the northern part of the region is mainly related to traditional varieties and is 
addressed for human consumption and animal feeding; whereas for Argentina, Chile and south 
Brazil, maize presents large scale production with commercial purposes (Morris and López-
pereira, 2000). The two main producers by volume of grain in South America are Brazil and 
Argentina, with 66 and 23% of the total production of the region, respectively.  The largest 
maize yields for South America are reported for Chile (0.85 kg/m
2
) and Argentina (0.44 kg/m
2
)
 
for year 1998 (Morris and López-pereira, 2000; Núñez, 2013).   
 
Wheat crop comprises two species, Triticum aestivum and Triticum turgidum durum, and 
presents a global average yield of 3 ton/ha (0.3 kg/m
2
) (FAO, 2012).  This crop is the most 
abundant in terms of cultivated area globally, representing 22% out of the total (Leff et al., 
2004).  Wheat is a very well spread crop, and it is grown from the arctic to the tropical highlands 
and from sea level up to 4500 masl (FAO, 2012).  Wheat is the most important crop by aerial 
extent in the southern parts of South America, and is the main cultivation in La Plata region in 
Argentina and western coastal plain in Chile (Leff et al., 2004).   
 
In South America the two main wheat producers are Argentina and Brazil, with a production for 
2012 of 8.2 and 4.4 millions of tonnes, respectively (FAO, 2014a).  This represents only 2% of 
the global production that attained 658.04 million of metric tonnes for the year 2013 (USDA, 
2015). In general, all countries in South America are wheat importers (FAO, n.d.a), but Brazil is 
one of the most important in the world (5.5% of global imports) and has an interesting 
commercial relationship with Argentina, which is a net exporter (Universidad Austral, n.d.).  For 
year 2004, Argentina represented 2.7% of worldwide wheat production (Zucchini, n.d.).  
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Oryza sativa and Oryza glaberrima are the two species representing cultivated rice worldwide.  
The latter is grown in parts of West Africa.  Oryza sativa has two races: indica, farmed in the 
tropics, and japonica, cultivated in temperate regions and highlands (FAO, 2012).  Rice crop 
occupies tropical and subtropical belts and represents 11% of the total cultivated area in the 
world, being the second most extensive crop (Leff et al., 2004).  Rice has two main environments 
to grow in: lowland, with saturated soils and ponded water, and upland, with well drained soils 
and no ponded water (FAO, 2012).  In South America, rice accompanies maize along the Andes 
belt, in the west lowlands of Colombia and Ecuador.  Other zones of rice cultivation are the 
northern coastlines and Tocantins river basin (Leff et al., 2004).   
 
Rice is a staple food crop for people in South America and the second most important source of 
daily calories (Ricepedia, n.d.).  This crop is also an important source of employment, food, 
energy and income for poor smallholders in the region (CIAT, 2013; FAO, n.d.b).  Per capita 
annual consumption in Latin America and the Caribbean has increased from 10 to 30 kg between 
1924 and 2010 (Ricepedia, n.d.; FAO, n.d.b).  Out of 1 million farmers producing rice in the 
region, 0.8 million are smallholders and produce 6% of the total cultivar, while the other 0.2 
million are mechanized producers that bring out the remaining 94% (Ricepedia, n.d.).  Brazil, 
Peru and Colombia are the main rice producers for year 2009 with 12.65, 2.99 and 2.98 millions 
of tonnes respectively (CIAT, 2013).  This production represents 4% of the total world 
production that reached 471.88 million of metric tonnes for the year 2013 (USDA, 2015).   
 
Potato is represented by two subspecies, Solanum tuberosum tuberosum (cultivated in 
Venezuela, Chile, Argentina, Uruguay, Paraguay, Brazil and Bolivia) and Solanum tuberosum 
andigena (cultivated in Colombia, Ecuador, Peru and Bolivia).  It is a tuberous crop originated 
and domesticated in the Andes (FAO, 2012; CIP, 1999); nevertheless this same region presents 
the lowest production level worldwide.  Potato is a staple food crop as maize, rice and wheat, 
wide spread in the entire world and adapted to most agro-ecological zones (FAO 2008; CIP, 
1999; CIP, n.d.; Kiple and Connè Ornelas, 2000).   
 
In South America, the cultivation of potato is concentrated in the mountains of Chile and 
Colombia (Seo and Mendelsohn, 2008) and complements the maize Andean belt along Peru and 
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Bolivia (Leff et al., 2004).  Potato produces more food per unit of water than any other major 
cultivar and can reach water usage efficiency seven times higher than cereals (CIP, n.d.).  
Highest yields in the region are produced by Argentina with 2.87 kg/m
2
, Brazil with 2.37 kg/m
2 
and Colombia with 1.73 kg/m
2
 (FAO, 2008).  For year 2007, South America produced 13.34 
million of metric tonnes representing 4% of the world production for the same year achieved 
(325.30 million of metric tonnes) (FAO, 2008).  Figure 1 shows the actual
2
 yield for the fours 
crops on the region. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
                                                          
2
 Actual yield is the yield actually observed in a given location, which may be significantly different than the 
climatic potential yield (Licker et al., 2010). 
Figure1.  Yields for maize, whear, rice and potato crops in South America for year 2000.  Units in ton/ha.  Modified from 
Monfreda et al., 2008. 
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2.3. Growing season and precipitation trends in South America.  
South American precipitation patterns for last decades of 20
th
 century have shown decreasing 
trends for Chilean central-south, southwest Argentina and southern Peru (Magrin et al., 2007). 
There is also a clear increasing trend for annual rainfall for northwest Peru and Ecuador and 
southeastern part of the South America (Magrin et al., 2007).   
 
The observed increasing precipitation in Peru and Ecuador has led to an increase in the 
occurrence of landslides and flash floods (Magrin et al., 2007); and a potential increase in future 
climate variability will lead to stronger and more frequent extreme events, and a reduction in 
some crop yields (Rowhani et al., 2011).  Wetter conditions can also bring benefits for summer 
crops and pasture productivity, and may facilitate agricultural expansion (Magrin et al., 2014). 
Land use change due to agricultural expansion along with precipitation increments, has affected 
fragile ecosystems, mainly in edges of Amazon forest and tropical Andes (Magrin et al., 2014).  
 
Growing season is defined as “the period of time when temperature and moisture conditions are 
suitable for crop growth”, and it is determined by the beginning of the rainy season, potential 
evapotraspiration and temperature (HarvestChoice, 2010).  A normal growing period is 
composed by three stages: i) dry period, in which precipitation equals the half of potential 
evapotranspiration (ET); ii) moist period, in which precipitation equals the potential 
evapotranspiration; and iii) and wet period, in which ET is exceeded by precipitation (FAO, 
2014b). Growing season precipitation (GSP) in this study is defined as the total amount of 
precipitation in a region over the actual growing season (between sowing and harvest). 
Temperature and precipitation changes during growing season have slowed positive yield trends 
in crops as soy, maize and wheat in South America (Magrin et al., 2014).  According to Xia et al. 
(2012) and Porter et al. (2014) global warming has an enlargement effect on growing seasons in 
mid-high latitudes.  In general, a lengthening of 10-20 days has been reported, basically due to 
an early onset of this period (Xia et al., 2012).  However, for tropical regions a decline in the 
length of growing season is likely to happen, mainly due to extreme heat and moisture 
availability (Jones and Thornton, 2009; Zhang and Cai, 2011).   
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2.4. Model, GCMs and RCP background. 
Lund-Potsdam-Jena General Ecosystem Simulator with Managed Land -LPJ-GUESS is a global 
dynamic vegetation model (Smith et al., 2001)  This model was extended to include also crops 
(Lindeskog et al., 2013), building on the LPJmL model (Bondeau et al. 2007) and a new sowing 
algorithm (Waha et al., 2012). LPJ-GUESS and LPJmL represent biophysical and 
biogeochemical processes along with productivity and yield for most important crops in the 
world, using the concept of crop functional types (Bondeau et al., 2007). Sowing dates are 
calculated based on temperature and precipitation and harvest dates are simulated by the model 
using a temperature sum approach.  A new feature in LPJ-GUESS is the inclusion of land 
abandonment and afforestation, where cropland and pasture can be introduced to former forested 
land and vice versa (Lindeskog et al., 2013).  The model simulates full carbon and water cycles 
at a daily time step, and as crop growth is only driven by climate simulated yield can be said to 
represent potential yield. The version of LPJ-GUESS used in this study does not include the 
representation of nitrogen stress (Rosenzweig et al., 2014). Recent developments include the full 
representation of the nitrogen cycle for both natural vegetation (Smith et al., 2014) and croplands 
(Olin et al., accepted).  
 
Atmosphere-Ocean general circulation models –AOGCMs represent the dynamics of the 
atmosphere, ocean, land and sea ice as physical components of the climate system.  AOGCMs 
allow us to make future projections according to greenhouse gases and aerosol forcing (Flato et 
al., 2013).  Model results from five AOGCMs were used as model input to the LPJ-GUESS 
model in this study: HADGEM2-ES, GFDL-ESM2M, IPSL-CM5A-LR, MIROC-ESM-CHEM, 
and NorESM1-M (Flato et al., 2013).   
 
The above AOGCMs have been run under several representative concentration pathways 
(RCPs).  Here, the GCM for only one RCP (RCP 8.5) was used.  RCPs are scenarios that lead to 
total radiative forcing (RF) at the end of 21
st
 century developed using different combinations of 
economic, institutional, technological, demographic and political futures (Cubasch et al., 2013).  
There are four RCPs recognized by the 2100 peak or stabilization value of the RF, relative to 
pre-industrial levels.  The lowest, RCP2.6, peaks at 3.0 Wm
-2
 and then declines to 2.6 Wm
-2
 in 
2100; the low-medium scenario, RCP4.5, stabilizes after 2100 at 4.2 Wm
-2
.  RCP6.0, medium-
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high, stabilizes after 2100 at 6.0 Wm
-2
; while the highest RCP, 8.5, reaches 8.5 Wm
-2
 in 2100 
and continue to increase after this year (Collins et al., 2013).  
 
RCP8.5 is considered a non-climate policy scenario because it is a high baseline emission 
scenario (Riahi et al., 2011).  It was developed by the International Institute for Applied Systems 
Analysis (IIASA), based on MESSAGE model and the Integrated Assessment Framework 
(Vuuren et al., 2011).  Future assumptions of this RCP include: high population growth and 
therefore, is an energy intense scenario.  It is also characterized by a slow income growth in 
developing countries and a moderate technological improvement.  In terms of land use change, 
croplands and grasslands area increases, while vegetation area decreases as a consecuence of 
population growth (Riahi et al., 2011).  RCP8.5 is considered to be the bussiness as usual 
scenario and is often used for future impact studies assuming no climate mitigation.  This was 
also the RCP used in the study form where the simulated yield in this study ewre taken 
(Rosenzweig et al., 2014).  Further, for near future climate the difference between RCPs is 
relatively small. 
 
SRES (Special Report on Emmision Scenario) A2 radiative forcing is comparable to RCP8.5, but 
the latter is higher during the 21
st
 century due to a faster decline in radiative effect of aerosols in 
RCP8.5 (Collins et al., 2013).  Some of the potential impacts under RCP8.5 include: mean 
surface temperature increase for 2081-2100 between 2.6º and 4.8 º (Collins et al., 2013), 
reductions in Arctic sea extent in the same period of 34% for February and 94% for September 
(Collins et al., 2013), a near-surface permafrost area decrease of 81%, etc. (Collins et al., 2013). 
 
 
3. Methodology 
 
3.1. Present changes in water yield gaps 
Two different sets of data were used to calculate the fraction water yield gap and the water yield 
gap for the current period of time.  Potential yield was taken from Monfreda et al. (2008), 
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available at http://www.earthstat.org/ web page.  Values for rainfed high yield were taken from 
You et all. (2010), available at http://mapspam.info/data/ web page.   
The data for potential yield shows climate-defined potential yield in comparison with other 
yields in an area of the same climate for the year 2000, calculated as the 95
th
 percentile value of 
all current yields in a climate space (Monfreda et al., 2008).  It was obtained in ASCII format 
with a spatial resolution of 5 x 5 minutes at the equator.  The spatial reference system for the data 
was GCS_WGS_1984, with a cell size of 0.083333 degrees (Monfreda et al., 2008). Using the 
conversion tool in ArcGis, the resolution of the data was transformed into 0.5 x 0.5 degrees.   
Rainfed high system is defined as “rainfed-based agriculture that uses high-yield varieties and 
some animal traction and mechanization. It at least applies some fertilizer, chemical pest, disease 
or weed controls” (You et all., 2010).  Data was obtained as .dbf tables with a resolution of 0.5 x 
0.5 degrees for year 2000 with spatial reference system GCS_WGS_1984. 
Present fraction water yield gap (fYw) and water yield gap (Yw) were calculated based on 
potential yield and yield for rainfed high system.  fYw is a value from 0 to 1 that let us know 
how close to the potential yield any location could be.  
All the data layers used in this study were transformed from WGS84 geographic coordinate 
system to Albers Equal Area Conics projected coordinate system.  This map projection is one of 
the best for South America as it preserves area and has a suitable extent for the zone as a 
subcontinent (Hunter College of the City University of New York, n.d.). This projection 
transformation was done applying the project raster tool with a nearest resampling technique. All 
resulting maps are therefore projected with a resolution of 58927 x 58927 meters.   
Fraction Yw was calculated as follows (Deryng et al., 2011), applying raster calculator spatial 
analysis tool in ArcMap: 
 
            (1) 
 
Yw for the four crops was calculated according to the following formula (Licker et al., 2010): 
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           (2) 
In cases where Yp<Yrh or if Yp=0 the grid cells were excluded from the analysis (0.5≤ % of all 
grid cells for any of the crops). 
 
3.2. Near future changes in water yield gaps 
The absolute difference between future (2041-2050) and present (2001-2010) decadal mean 
simulated yield was calculated for both rainfed and irrigated crops.  The calculations were made 
using the mean of 5 simulations made with the LPJ-GUESS model, using climate input from 5 
GCMs, taken from Rosenzweig et al. (2014). Future values for Yp and Yrh were calculated by 
adding the absolute change in simulated yield as calculated above to the values taken from the 
observational datasets, assuming that simulated irrigated yields are equivalent to potential yields 
in observed data.  Using these values for future Yp and Yrh, future fYw and Yw were calculated 
using formula 1 and 2.  Model outputs were obtained as excel files with a resolution of 0.5 x 0.5 
degrees.   
 
3.3. Water yield gap and growing season precipitation relative change 
The relative change (in %) in fYg and GSP (LPJ-GUESS model output) were calculated using 
present and future fYw and GSP layers (in appendix) and applying the following formula (Mast 
and Pawlak, n.d.) by using the raster calculator tool:  
 
                 (3) 
 
 
3.4. Suitable zones for closing water gaps in South America 
Suitability was classified based on both the size of the fraction water gap (fYw) (potential to 
close the water gap by adding irrigated water) as well as the amount of available water for 
irrigation use during the growing period (GSP). Levels for both of these two variables were 
divided into low, medium or high values. This was done by first creating 5 categories for each 
crop and variable using natural breaks classification method in ArcGis (grouping method that 
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best group similar values, maximizing the difference between classes).  For GSP the top end of 
the range for the lowest two categories was forced to equal the minimum water requirements for 
that crop FAO (2013) and Hundertmark and Facon (n.d.). A value was considered to be low if it 
belonged to the lowest two categories, high to the highest two, and medium if it belonged to 
category 3.  
 
The overall suitability was then assessed based on the levels on both fYw and GSP, so that if 
either one of these were classified as low the grid cell was classified as unsuitable for closing the 
fraction water gap (Table 1). If both values were at least classified as medium then said region 
was classified as suitable. 
 
 
Level of fYw Level of GSP Suitability 
Low 
Low not suitable 
Medium not suitable 
High not suitable 
Medium 
Low not suitable 
Medium suitable 
High suitable 
High 
Low not suitable 
Medium suitable 
High suitable 
 
 
 
3.5. Suitability change 
Using the raster calculator tool, present suitability (giving the value of 1 to suitable and 0 to not 
suitable) was subtracted from future suitability to generate four maps, one for each crop.  These 
maps show the direction of the change over time in relation to suitability, as positive (from not 
suitable to suitable) or negative (from suitable to not suitable) changes. 
 
 
 
 
Table1. Suitability classification according to fYw and GSP 
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4. Results 
 
4.1. Maize crop analysis for South America  
4.1.1. Current and near future water yield gaps 
The areas with the largest potential to improve yield for maize in relative terms in South America 
are presented in orange and red colors (figure 2).  These zones are situated along the Andes from 
Venezuela to Argentina, the central part of Chile, and the zone related to Uruguay, Paraguay and 
the central east part of Brazil (Tocantins).  There is also a belt along Argentina that involves 
Viedma, Bahía Blanca, Las Pampas, Córdoba northwards to Paraguay (figure 2). These areas 
present a fYw that ranges from 55 to 100%.  For these regions the largest potential to close the 
water yield gap in absolute terms (with values up to 1.33 kg/m2) can be found in southern 
Paraguay, central eastern and southern Brazil, along the Andes, central Argentina, and southern 
Uruguay (figure 3). 
 
For the fractional water gap (figure 2, 4) and water gap (figure 3, 5) a relatively similar picture 
emerges for future compare to current climate. The relative change in fYw however varies across 
the continent with the highest difference found in Paraguay, Argentina and Uruguay. Changes up 
to 100% can be found in southern Paraguay and some zones in central east Argentina, with 
negative changes of the same order of magnitude found in southern Brazil (Figure 6).  
 
 
 
 
 
 
 
 
 
 
 
 Figure2. Fraction water yield gap for maize crop for year 
2000 in South America. 
Figure3. Water yield gap for maize crop for year 2000 in 
South America. Units is kg/m
2
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4.1.2. Growing season precipitation relative change 
GSP displays positive and negative changes ranging mainly between -29 and 30% (figure 7).  
Positive trends occur in Ecuador, Peru, Brazil and Uruguay; while negative trends can be seen 
for Venezuela, Bolivia, Paraguay, Argentina, Brazil and Chile.  The largest negative change can 
be found for the grid cells around the city of Talca in Chile (-60%). 
Figure4. Mean fraction water yield gap for maize crop for 
year 2050 in South America.   
Figure5. Mean water yield gap for maize crop for year 
2050 in South America.  Units in kg/m
2
 
Figure6. Mean water gap relative change 2001-2050 for 
maize crop in South America.  Units in %. 
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4.1.3. Suitable zones for closing water yield gaps 
For present and future climate, unsuitable zones are mostly located in Chile, Argentina, central 
and east Brazil over Caatinga ecoregion (WWF, 2012), Venezuela, and some points in 
Colombia, Bolivia, and Paraguay (figure 8, 9). 
 
Negative suitability changes (figure 10) can be found for a few grid cells in Argentina and 
southern Brazil where suitability changed over time from suitable to not suitable.  In Paraguay 
and some few grid cells in Brazil and Argentina the opposite change from not suitable to suitable 
can be seen.  In general, the ability for closing the water gaps remains constant for maize for the 
study period. 
 
 
 
 
 
 
 
 
 
 
Figure7. Mean growing season precipitation relative 
change 2001-2050 for maize crop in South America.  
Units in %. 
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4.2. Wheat crop analysis in South America  
4.2.1. Current and near future water yield gaps 
The most important zones to improve yield in relative terms for wheat are mainly restricted to 
Andes mountain range with the exclusion of Colombia (figure11, 13), but also in Southeastern 
Bolivia and central part of Argentina.  There are also three small regions in central-east and 
south of Brazil, the center of Chile, and north Venezuela with a large fYw. A belt of large fYw 
going from central Paraguay, southwards to the south of Argentina can also be seen.  For these 
areas the fYw ranges between 62 and 100%. 
 
In absolute terms, water yield gap in the above mentioned can reach up to 0.8738 kg/m
2
 for 
present (figure 12) and 1.18 kg/m
2 
for future (figure 14).  The relative change in fYw displays a 
general decrease up to -29% between 2000 and 2050.  Changes up to 100% occur in the center of 
Paraguay and south Argentina and Uruguay. (figure15).  
 
 
Figure8. Present suitable areas for closing yield water gap 
for maize crop in South America 
Figure9. Suitable areas for closing yield water gap for 
crop maize for year 2050 in South America 
Figure10. Suitability change 2001-2050 for closing yield 
water gap for maize in South America 
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Figure11. Fraction water yield gap for wheat crop for year 
2000 in South America. 
Figure13. Mean fraction water yield gap for wheat crop 
for year 2050 in South America.  
Figure12. Water yield gap for wheat crop for year 2000 in 
South America.  Units in kg/m
2
 
Figure14. Mean water yield gap for wheat crop for year 
2050 in South America.  Units in kg/m
2
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4.2.2. Growing season precipitation relative change 
GSP increases up to 30% in Ecuador, Peru, northwest Bolivia and Brazil.  A decrease over time 
of the same order of magnitude also occurs in southern Bolivia, Paraguay, Argentina, Uruguay, 
Brazil and Chile.  Higher changes between 60 and 100% take place in some points between Peru, 
Bolivia and Chile (figure 16).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure15. Mean water gap relative change 2001-2050 for 
wheat crop in South America.  Units in %. 
Figure16. Mean growing season precipitation relative 
change 2001-2050 for wheat crop in South America.  
Units in %. 
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4.2.3. Suitable zones for closing water yield gaps 
Current and future areas that present a restriction for improving yield gaps according to 
suitability are located in the south cone in South America (figure 17, 18) in Argentina, Chile, 
Uruguay, Paraguay and southwestern Bolivia. Negative changes in suitability over time are 
concentrated to Argentina with few grid cells in Paraguay, Uruguay and Venezuela (figure 19).  
On the other hand, most of the positive changes are located between Argentina and Uruguay 
showing a change from not suitable in the present to suitable in the future (figure 19). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure17. Suitable areas for closing yield water gap for 
crop wheat for year 2050 in South America 
Figure18. Suitable areas for closing yield water gap for 
crop wheat for year 2050 in South America 
Figure19. Suitability change 2001-2050 for closing yield 
water gap for wheat in South America 
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4.3. Rice crop analysis for South America 
4.3.1. Current and near future water yield gaps 
For fractional water gap, the largest potential to improve yield for rice in relative terms can be 
found along the entire South American region with some regional exceptions in Brazil, Colombia 
and Ecuador (figure 20, 22).  For these same areas the fYw ranges between 82 and 100%.  In 
absolute terms, the largest water yield gaps achieve up to 1.1759 kg/m
2 
for the
 
present and 
1.6078 kg/m
2 
for the
 
future, and are located mostly in the center east part of the region, midst 
Brazil, Bolivia, Paraguay and Uruguay (figure 21, 23). 
 
The relative change in fYw presents a general decrease that achieves -19% for most of the rice 
territory.  However, increases up to 10% can be found in Paraguay and Uruguay (figure 24). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure20. Fraction water yield gap for rice crop for year 
2000 in South America. 
Figure21.  Water yield gap for rice crop for year 2000 in 
South America.  Units in kg/m
2
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4.3.2. Growing season precipitation relative change 
GSP displays positive and negative change throughout the region.  Positive trends for 
precipitation of up to 17% occur in Colombia, Ecuador, Peru, Brazil, French Guiana, Uruguay 
and Argentina.  Negative trends, on the other side, reaching at the most -30% are placed in 
Venezuela, Colombia, Bolivia, Brazil, Paraguay and Argentina.  Highest negative changes are 
concentrated in a very limited area in the center of Chile.    
Figure22. Mean fraction water yield gap for wheat crop 
for year 2050 in South America. 
Figure23. Mean water yield gap for wheat crop for year 
2050 in South America.  Units in kg/m
2
 
Figure24. Mean water gap relative change 2001-2050 for 
rice crop in South America.  Units in %. 
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4.3.3. Suitable zones for closing water yield gaps 
Present and future suitability is mostly the same, showing no suitable areas in Argentina, Chile, 
Uruguay, Bolivia, Brazil, Venezuela, Colombia, Ecuador and Peru (figure 26, 27).   
 
Suitability does not change over time for the majority of rice territory in South America.  
However, negative changes occur for some grid cells in Venezuela, Ecuador, Argentina and 
Paraguay.  Positive changes also take place in Brazil and Uruguay (figure 28).   
 
 
 
 
 
 
 
 
 
 
 
 
Figure25. Mean growing season precipitation relative 
change 2001-2050 for rice crop in South America.  Units 
in %. 
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4.4. Potato crop analysis for South America 
4.4.1. Current and near future water yield gaps 
In relative terms, the most important areas to improve yield gaps are situated along the Andes 
mountain range from Venezuela until Argentina, with some exceptions in Colombia.  Central 
part of Chile, southern part of Brazil, Bolivia and Paraguay, and the central zone in Argentina are 
also areas with high fraction fYw (figure 29, 31).  For these areas the fYw goes from 58 to 
100%.  In absolute terms, the largest water yield gaps for present climate are 6.93 kg/m
2
 and 7.86 
kg/m
2
 for future climate (figure 30, 32).   
 
The relative change in fYw exhibits positive and negative variation for potato over time.   
Negative changes cover almost the entire area for potato and reach -21%.  Positive change is 
higher but occurs only in four small areas: Paraguay, central Argentina, Uruguay and Chile.  
Highest fYw positive change, up to 100%, takes place in central Argentina (Figure33).  
 
Figure26. Present suitable areas for closing yield water 
gap for rice crop in South America 
Figure27. Suitable areas for closing yield water gap for 
crop rice for year 2050 in South America 
Figure28. Suitability change 2001-2050 for closing yield 
water gap for potato in South America 
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Figure29. Fraction water yield gap for potato crop for year 
2000 in South America. 
Figure31. Fraction water yield gap for potato crop for year 
2050 in South America. 
Figure30. Water yield gap for potato crop for year 2000 in 
South America.  Units in kg/m
2
 
Figure32. Water yield gap for potato crop for year 2050 in 
South America.  Units in kg/m
2
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4.4.2. Growing season precipitation relative change 
GSP displays positive or negative trends of the same scale over the entire subcontinent.  Positive 
changes occur in Ecuador, Peru, Brazil and Uruguay; while negative changes take place in 
Bolivia, Argentina, Paraguay, Uruguay, Brazil, Colombia and Venezuela (Figure34). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure34. Mean growing season precipitation relative 
change 2001-2050 for potato crop in South America.  
Units in %. 
Figure33. Mean water gap relative change 2001-2050 for 
potato crop in South America.  Units in %. 
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4.3.3. Suitable zones for closing water yield gaps 
For present and future climate, unsuitable zones for closing water yield gaps are located mainly 
in Chile, Bolivia, Argentina and Colombia with some few grid cells located also in Peru, Brazil 
and Uruguay (figure 35, 36).   
 
Suitability change over time shows no change for almost the entire territory for this crop.  
Negative changes are restricted to few grid cells in Bolivia, Peru and Argentina and positive 
changes are present as isolated grid cells in Uruguay and Brazil (figure 37). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure35. Present suitable areas for closing yield water 
gap for potato crop in South America 
Figure36. Suitable areas for closing yield water gap for 
crop potato for year 2050 in South America 
Figure37. Suitability change 2001-2050 for closing yield 
water gap for potato in South America 
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5. Discussion 
 
5.1. Current fYw and Yw 
The results of this study show the highest fYw and Yw for maize, wheat, rice and potato to be 
located along the Andes mountain range, central Chile, central Argentina and southeastern 
Brazil.  High fYw and Yw are also present for the various crop in other regions but the location 
and extent of these regions are crop specific.  
 
The water yield gap represents a fraction of the total yield gap (actual compared to potential), 
and earlier studies have mainly focused on this yield gap. Licker et al. (2010), for instance found 
large yield gaps for maize in regions restricted to the Andes in Colombia, Ecuador, Peru and 
Bolivia, and the northeastern part of Brazil, whereas fraction water yield gap (fYw) in this study 
were found for much larger areas. For example, the fYw for maize around Las Pampas and 
Brazil around Sao Paolo and Belo Horizonte was larger than the reported yield gap from Licker 
et al. (2010) (figure 2, 4).  One reason for the diverging results could be explained by the 
different datasets used in this study compared to the one by Licker et al. (2010). By just looking 
at maps showing the actual (figure 1) and potential (in appendix figure 38) used in this study it 
becomes clear that these would generate yield gaps that are different from the ones found in 
Licker et al. (2010). Neumann et al. (2010), also present the same geographical distribution for 
maize yield gaps (in absolute terms).  Compared to this study and the one by Licker (et al. 2010), 
the areal extent for where yield-gaps are reported by  Neumann et al. (2010) are much smaller, 
with the largest yield gap zones located in east Brazil, central Argentina (Rosario), Ecuador and 
Venezuela, which mainly coincides with the results from this study. For rice and wheat both 
Licker et al. (2010) and Neumann et al. (2010) report very small areas with yield gap data 
making comparisons difficult. 
 
This study has a slightly different purpose than these two comparing studies and therefore it is 
difficult compare the results especially as the results are based on different datasets. Also, as the 
two comparing studies are global it is difficult to compare the results from these studies without 
having access to the data. It is important to take into account the existence of several methods to 
assess potential yields and yield gaps, and that the resulting outcomes can differ by 50% or more 
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(Lobell et al. 2009).  This is even more important for studies of yield gap under rainfed 
conditions (Lobell et al. 2009). 
 
5.2. Trends in fYw 
The results of this study reveal very high positive and negative changes for maize, wheat and 
potato water yield gaps concentrated in Paraguay, Uruguay and Argentina; and a general positive 
and negative low change for rice (figure 6, 15, 24, 33).  Climate change is expected to impact 
yields in a considerable way (Lobell et al., 2011), as result of the combination of warming 
conditions and more variable rainfall (Magrin et al. 2014), in fact, it is likely to have negative 
impacts on average yields from 2030, and after 2050 these impacts would increase (Porter et al, 
2014).  
 
Changes in fYw over time depend on changes in both rainfed and irrigated yield. At the global 
scale it can be seen that for the model used in this study (LPJ-GUESS) the trends in yield are 
relatively similar for rainfed and irrigated crops for maize and wheat whereas for rice, the 
increase in future yield is much stronger for irrigated compared to rainfed crops (Rosenzweig et 
al., 2014). The analysis in this study is based on simulations performed using one crop model.  
 
The study by Rosenzweig et al. (2014) also shows the large differences in the simulated response 
between crop models and the model mean changes in yield over time varies between crops. Their 
study reports model mean decreases around 25% in maize rainfed yields for year 2070-2099 in 
comparison to 1981-2010 baseline, located in the north-central part of the region and increases 
up to 50% for the Andes from Peru to Argentina, and the south cone. Similarly a decrease in up 
to 50% for the north-central part of the South America and a yield increment up to 50% for the 
Andes from Peru to Bolivia, and for the south cone were reported for wheat in the same study. 
Decreasing yields for rice of about 25% were found in Venezuela and Paraguay as well as 
increases up to 50% for the Andes from Ecuador to Argentina, and the south cone (Rosenzweig 
et al., 2014).  Relative change results for fYw for the four crops in this study are partially 
consistent with the trends showed above.  Along Andes mountain range it is clear a negative 
trend for fYw that could be partly explained by increases in rainfed high yields reported above 
however, this correlation is not that clear for the rest of the region.  The results by Rosenzweig et 
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al. (2014) represent the mean of a range of state-of-the art crop models (including LPJ-GUESS) 
but using different methods would lead to slightly different results. Jones and Thornton (2003) 
for example established a general reduction of 10% in maize production to year 2055 but with 
large regional differences. 
 
 One of the main uncertainties is associated to CO2 effect on plant physiology (Magrin et al, 
2014).  Maize for instance, as a C4 crop, is an efficient user of water and extraordinarily tolerant 
of high temperatures.  It has a high rate of photosynthesis and would response positively to 
increases in atmospheric CO2 up to 520 ppm (Jones and Thornton, 2003; FAO, 2012; FAO, 
2013).  
 
Climate change affects agriculture in several ways, but agricultural expansion and/or 
intensification can also change climate locally, regionally or globally, as a result of land-surface 
feedbacks (Bonan, 1997; Stohlgren et al., 1998; Costa and Foley, 2000; Fu, 2003). This is not 
taken into account in this study. 
 
 5.3. GSP 
The present study shows negative and positive relative change for GSP in South America for the 
fours crops.  Negative changes (up to -29%) are located in Venezuela, Bolivia, Paraguay, 
Colombia, Argentina, Chile and south western Brazil for maize, wheat, rice and potato.  Positive 
relative changes in GSP (up to 30%) occur in Colombia, Ecuador, Peru and Brazil.  Uruguay 
presents both trends according to the crop (figure 7, 16, 25, 34). 
 
 The simulated changes depend on both on changes in precipitation over time as well as the 
simulated length of the growing period. These two factors cannot be disaggregated from the 
model results. Simulated length of the growing period will be affected by both the timing of 
sowing and the number of days between sowing and harvest. The latter depends on temperature 
sums and therefore decreases with increasing temperature. 
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5.4. Suitability 
South America has a significant chance for improving crop yields as nutrient and water 
constraints are strong (Foley et al., 2011).  The present study gives support to this with large 
regions with both large potential to close the water yield gap and with high levels of growing 
season precipitation (GSP). In this study unsuitable areas for improving rainfed crops were found 
to be concentrated in Bolivia, Argentina, Paraguay, Chile and Uruguay; however there are other 
important areas depending on the crop.  Positive suitability change over time for all four crops 
can be found in Uruguay, Brazil, Argentina and Paraguay; while negative suitability change is 
located in Argentina, Bolivia, Venezuela and Brazil. The results from this study partly agrees 
with the results from Foley et al. (2011) who found important water limited areas for maize 
situated in the east central part of Brazil, from Teresina southwards until Sao Paulo, and also in 
the south near Uruguay around Porto Alegre, as well as in northern Argentina, close to San 
Miguel de Tucuman.  
 
Suitability is on one hand depending on the availability of water. This means that if less than the 
required water is available during the crop growing season, then the region is considered 
unsuitable for growing crops. On one hand this might under estimate the suitable area, as 
rainwater can be collected over a larger region than what is being used for crops, surface water 
and ground water are not taking into account either.  However, GSP represents the total amount 
of water available during the growing season and there might be evaporative losses of water that 
are not taken into account in this study.  Looking at only the amount of available water, the 
suitable areas for irrigation extend to almost the entire continent for all crops (in the appendix 
figure 39-40; 42-43; 45-46; 48-49). But in many regions the fYw is already low (figure 2, 4; 11, 
13; 20, 21; 29, 30) and the gain for adding irrigation to these regions is limited. Therefore the 
regions of low yield gaps were selected as unsuitable, generating a much smaller area where 
irrigation is suitable for closing the water yield gap. On average yields in rainfed agriculture 
systems are commonly 50% or less of yield potential, leaving plenty of room for improvement 
(Lobell et al., 2009). In this study the classification of suitability varied between crops and 
according to previous classification of fYw and GSP. For wheat, maize and potato suitable areas 
present a fYw that ranges from 38 to 100%, whereas for rice it was between 72 and 100%. This 
means a potential to increase yield by including irrigation (on top of optimal nutrients) to ranging 
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from 38% (maize, wheat, potato) to 72% (rice). Choosing other ranges would alter the results 
slightly but in general would have given similar results.  
  
Suitability results in this study demonstrate that the four crops have areas with great potential to 
increase yield combined with high levels of precipitation.  In this scenario, a gradual change 
from rainfed to irrigated systems would help to close yield gaps.  Elliot et al. (2014) states that in 
South America, irrigation water demand is lower than available renewable water, and this latter 
comes essentially from rain water (CIAT, 2013).  Therefore, the region presents positive trends 
for irrigation adaptation potential (Elliott et al., 2014).  In the context of climate change, yield 
reduction will be alleviated by expansion of irrigation.  In fact, if a maximum conversion 
between these two systems would be fulfilled, yields will stay at least in the same levels, but in 
many areas they will even rise (Elliott et al., 2014).  
 
But water management is only one of the factors for stagnation in reaching crop yield potential in 
the region.  One of the main concerns in this field is high expenses of irrigation projects and the 
cost-benefit relationship between this investment and potential production.   Soil degradation and 
erosion, diseases and pests, fertilizer use, lack of higher yielding varieties, droughts, frosts, 
market and political challenges, financial constraints including access to credit or insurance 
systems (Deryng et al. 2011; Magrin et al., 2014, Porter et al., 2014) are needed to be overcome, 
in order to attain the potential South America has in the agricultural sphere.  
 
5.5. Limitations and uncertainties 
Some of the limitations of this study include the use of different sources of data for potential, 
rainfed yields and model outputs; and uncertainties related to these datasets.  In the crop model 
comparison carried out by Rosenzweig et al. (2014), LPJ-GUESS model presents the highest 
changes for crop production among six other models used.  Therefore, this model outputs can be 
overestimating the results in this study.  Another limitation of the study is that it only looks at the 
added potential of irrigation to crops receiving optimum (or high) levels of nutrients. Also it is 
assumed in this study that simulated irrigated yield can be considered to be the potential. This is 
likely not always the case. Further, the results are based on the mean of 5 different GCMs. This 
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was done to minimize the uncertainty that would come from selecting only one GCM, as 
simulation results are known to vary greatly depending on the GCM used (Ahlström et al., 2012).  
 
Some aspects need to improve in order to better the area of yield gap studies. These include: 
improvement of datasets required to assess yield gap, potential gap, actual yield and make these 
more accessible; create a common protocol to assess yield gap in order to avoid the differences 
in the current results, refine statistical information in a country level with spatial information, 
more detailed information on historical and current land use, downscaling of yield gaps 
assessment to regional or national level, improve model CO2 and N parameterization, among 
others (van Ittersum et al. 2012; Lobell et al., 2009; Rosenzweig et al. 2014). 
 
5.6. Policy implications 
South America presents great potential to improve rainfed yields and consequently to close water 
yield gaps.  As agriculture water demand is lower than renewable available water, the region has 
an interesting opportunity for irrigation adaptation in a climate change context.  Suitable areas 
for maize, wheat and potato present an important chance for improving rainfed crops by 
irrigation between 38 and 100%, while for rice this chance is even larger 72 to 100%.  
Unsuitable areas for improving rainfed yields based on fYw and GSP are located in Bolivia, 
Argentina, Paraguay, Chile and Uruguay, with very few areas presenting a change over time.  In 
terms of yields, important attention should be directed to the areas that expose highest changes 
for fYw, Paraguay, Uruguay and Argentina.  Even though South America has and will continue 
to have a surplus of water supply, it is necessary to pay attention to the potential impacts of 
positive and negative changes this study presents for GSP.  
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6. Conclusion 
 
In South America, the highest fYw and Yw for maize, wheat, rice and potato coincide along the 
Andes mountain range, central Chile, central Argentina and southeaster Brazil. These regions 
extend to other regions for all crops, and the location of these regions is highly crop specific. 
  
Most important changes in fYw between year 2000 and 2050 are concentrated to Paraguay, 
Uruguay and Argentina for maize, wheat and potato.  Rice presents a different situation with a 
low general change for its yield area.  
  
Negative relative change for GSP in South America occur in Venezuela, Bolivia, Paraguay, 
Colombia, Argentina, Uruguay, Chile and south western Brazil for maize, wheat, rice and potato.  
Positive relative changes in GSP occur in Colombia, Ecuador, Peru, Brazil and Uruguay for the 
four crops. 
  
Unsuitable areas for improving rainfed crops are concentrated in Bolivia, Argentina, Paraguay, 
Chile and Uruguay, but there are other important areas depending on the crop.  In general terms, 
positive suitability change from 2000 to 2050 for the four crops is situated in Uruguay, Brazil, 
Argentina and Paraguay; while negative suitability change is located in Argentina, Bolivia, 
Venezuela and Brazil. 
 
South America presents a considerable potential to improve rainfed crops by adding irrigation to 
the cropping system, but the subcontinent also presents social and economic challenges that may 
limit their potential. Changes in suitability over time reflect both changes in climate as well as 
the resulting effect on the length of the growing season and yield. 
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Figure38. Potential yield for maize in South America for 
year 2000.  In kg/m
2
. Modified from Monfreda et al. 
(2008) . 
Figure39. Mean growing season precipitation for maize 
crop for year 2001 in South America.  In kg/m
2
 
Figure40. Mean growing season precipitation for maize 
crop for year 2050 in South America.  In kg/m
2
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Figure41. Potential wheat for rice in South America for 
year 2000.  In kg/m
2
. Modified from Monfreda et al. 
(2008). 
Figure42. Mean growing season precipitation for wheat 
crop for year 2001 in South America.  In kg/m
2
 
Figure43. Mean growing season precipitation for wheat 
crop for year 2050 in South America.  In kg/m
2
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Figure44. Potential yield for rice in South America for 
year 2000.  In kg/m
2
. Modified from Monfreda et al. 
(2008). 
Figure45. Mean growing season precipitation for rice crop 
for year 2001 in South America.  In kg/m
2
 
Figure46. Mean growing season precipitation for rice crop 
for year 2050 in South America.  In kg/m
2
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Figure47. Potential yield for potato in South America for 
year 2000.  In kg/m
2
. Modified from Monfreda et al. 
(2008). 
Figure48. Mean growing season precipitation for potato 
crop for year 2001 in South America.  In kg/m
2
 
Figure49. Mean growing season precipitation for potato 
crop for year 2050 in South America.  In kg/m
2
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